An efficient procedure is reported for the selective aerobic oxidation of alcohols to the corresponding carbonyl compounds promoted by CuO-CeO2 nanocomposite in aqueous media.
Introduction
The catalytic oxidation of alcohols to the corresponding carbonyl compounds is a main topic in both laboratory and industrial synthetic chemistry. [1] Because of economical and environmental perspectives, the development of new catalytic oxidation systems with oxygen as oxidant became attractive. [2] The use of molecular oxygen as oxidant has various benefits including low-cost, safety, availability and having water as the sole final by-product. [3] Therefore, oxidation by molecular oxygen has received significant attention. Various transition-metal-based systems involving homogeneous as well as heterogeneous catalysts have been widely explored for the aerobic oxidation of alcohols. [4] [5] Many transition metals including copper, palladium, ruthenium, gold, vanadium and platinum have been reported as catalysts for the aerobic alcohol oxidation. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] However, some of these catalytic systems employ toxic solvents and require expensive noble metals and are not recyclable. Therefore, much attention has been directed to decrease or substitute organic solvents by more green ones. A variety of environmentally benign media, such as water, ionic liquids, fluorous solvents and supercritical fluids, have been reported as substitutions to volatile organic solvents. [23] [24] [25] Water has found wide application in synthetic organic reactions as solvent due to its unique properties, such as nontoxicity, availability at low cost, nonflammability, environmental benignancy, providing opportunities for clean processing and pollution prevention. Thus, the introduction of new catalysts which could be used in aqueous media that can promote the yields and reaction times is still in demand.
In several works reported by our group, [26] [27] [28] [29] [30] [31] the preparation of CuO-CeO 2 nanocomposite and its catalytic activity in organic reactions was described. This catalyst is safe, easy to handle and environmentally benign. As a continuation to these studies and to our studies on aerobic oxidation of alcohols, [32] [33] we report here the aerobic oxidation of alcohols in the presence of CuO-CeO 2 nanocomposite using oxygen as oxidant (Scheme 1). 
Materials and Methods
Chemicals were purchased from Merck. All products were characterized by comparing their spectroscopic data (NMR, IR) and physical properties with those reported in literature. The catalyst was prepared according to a previously reported method. [26] General procedure A mixture of the alcohol (1 mmol), K 2 CO 3 (0.5 mmol) and CuO-CeO 2 nanocomposite (0.75 g) in water (10 mL) was stirred under oxygen atmosphere at reflux temperature. After completion of the reaction, the catalyst was recovered by filtration, washed with hot ethyl acetate, dried and stored for another consecutive reaction run. The residue was poured into a saturated NaCl solution, extracted with ethyl acetate and dried over anhydrous MgSO 4 . Evaporation of the solvent followed by column chromatography on silica gel gave the pure products.
Results and discussion
The CuO-CeO 2 nanocomposite was synthesized by the co-precipitation method and characterized by XRD, BET specific surface area, ESEM and EDS analysis. [26] The reaction of benzyl alcohol with oxygen in the presence of CuO-CeO 2 nanocomposite was selected as the model reaction and its behavior was studied under a variety of conditions. The influence of various factors such as solvent, temperature, base and catalyst amounts on the reaction time and yield were examined. At first, the effect of solvent on the reaction was studied and it was found that water gives the highest efficiency. Therefore, water was chosen as the solvent. Among the various bases studied, K 2 CO 3 showed the best results. Moreover, the reaction was investigated in the presence of various amounts of the catalyst and it was found that the best results were achieved using 0.75 g of CuO-CeO 2 nanocomposite under reflux conditions. Best results were thus achieved in the presence of 0.75 g of CuO-CeO 2 nanocomposite and 0.5 mmol of K 2 CO 3 in water under reflux conditions ( Table 1) . After optimizing the reaction conditions, aerobic oxidation of various alcohols, including benzylic, primary and secondary alcohols were studied in water ( Table 2 ).
The results showed that the aerobic oxidation of primary alcohols gave only the corresponding aldehydes with absolute selectivity. Moreover, in the aerobic oxidation of secondary alcohols, the only products were ketones. It was observed that benzylic alcohols with electron-donating or electron withdrawing groups were selectively converted into the corresponding aldehydes in high yields without any by-products (Table 2) . Furthermore, benzylic alcohols containing electron donating groups were found to be most reactive and could be converted into the corresponding aldehydes in shorter reaction times than benzylic alcohols containing electron withdrawing groups. Table 2 showed that linear and cyclic alcohols were converted into the corresponding carbonyl derivatives in good to high yields. Furthermore, sterically hindered alcohols are also smoothly oxidized. Alcohols containing a sulfur or nitrogen atom were also tested in the presence of CuO-CeO 2 nanocomposite in water. It was found that the reaction selectivity is 100% in all cases, and alcohols are converted into the corresponding aldehydes (Table 2) . This experimental procedure is very simple and products could be isolated by column chromatography with a proper mixture of ethyl acetate and n-hexane.
Moreover, the catalyst can be recovered easily by filtration.
To show the recyclability of the catalyst under the optimized reaction conditions, the aerobic oxidation of benzyl alcohol was selected as a model. The catalyst was separated at the end of the reaction and washed with hot ethanol. This process was repeated for 6 runs and a slight decrease in the yield of benzaldehyde from 92% with the fresh nanocatalyst to about 88% in the 6th run was observed (Table 3) . In order to show the efficiency of this procedure, Table 4 compares the results obtained from the aerobic oxidation of benzyl alcohol by our method with some of those reported in the literature. In contrast with previously reported methods, CuOCeO 2 nanocomposite promotes the reaction very effectively and gives the desired product in shorter times at excellent yields. CuO-CeO 2 nanocomposite can be recovered simply by filtration and can be reused in the next runs without significant decrease in the yields of the products. Moreover, our procedure is simple, efficient and clean as it does not use any toxic auxiliary or solvent. 
Conclusion
In conclusion, we have verified the catalytic activity of CuO-CeO 2 nanocomposite in the aerobic oxidation of various alcohols with O 2 as oxidant. CuOCeO 2 nanocomposite could also be recycled and reused for 6 runs with consistent catalytic activity. Additionally, heterogeneous reaction conditions, high yields of products, simple work-up and relatively short reaction times will make this procedure a useful addition to the available methods. We are exploring further applications of CuOCeO 2 nanocomposite in other types of organic reactions in our laboratory.
